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fRITZ ENGINEERi'NG LABORATORY
LEHIGH UNIVERSITY
BETHLEHEM, PENNSYLVANIA
~i,..
1""2/t.
.~~:smG:FRE:q;z!OBCED PRICK·OotUD'p•
. by In(l5e Ly'se*
1.S'StHOPSIS
.,' ' _. . I. '
ThlJ$ paper Pt~~e.Q.t$tb:~ dEl!.~$ obt(ll1necf.l 1n th@ :f'1rst
exte~slve Ulvastlgationevl$1! ·made ,tmrell1f$~(J$o. b;rlckOoi..
UBltU1l. The r$sults werevel'uy grt\t1.f1'1.n{l tn.11)'tu ·~th$Y'
• - . '4-'-'
tul"n!shecl'a baai$ tQ:t th~ deve:!.Qpm.e1l1't '01' rational des16l1
tormultas. 'l.'he stlt*engtha of the coltmm$'1'l$l"@, fOWld tob~
• <.
raad.e: upef tlle:etfaet1.v6etr€Jngtltot the mtii$onry plus the
.y1ala"'po1.nt atrength E)f th$ lon.gitudinal reinforcement. 11
stua,oi: tbe 1;;11)$ of m.Q$o:nry nwrtare :r'Elltr0Qleci that p0J:.''tlU4
oement mortuot>nta1n1118 15 per oent ord1na:ry- brick eltlY by
. .
w~lgb.t of the oementsav$ b$tterreaults than did OOyo1' the
. other trPeg u$0d"
,
For Qompl$tene~a. a rE.lVl~W<;)f l:i11 ~Qwn. exp&l?imen'te
on br10!l pl~~'te and QQlt4'ml$ is lnco1'1)orated in the papar~
!~ ::nJmtODtrO'.1'ION~,!, .. , .• ,."f "r ,I
Num$~()u.$te6t$ hav$ 'beeD mlllc1le 111 thE! »$0$* an the
stren$th Qt ;pla1h brs.Okp1~1?sa.nd.eolumns:. but untlJ.l::'e~·
4;l$ltlyno data w~~e $va11ttlblle(1)%1 th~ a.dvantae<;)$Jt t"e~~~or~~~
mell.t In ~1"1~t()o1.unu'l$.. 'l"h~ :In;t~<Xi,\u)t!().i1 ~r 1"e!nt'$rq$d brlt)k
CGuetX'Uct1on lnto thatieldof strl1~tu$.l ~ng1ne<artna_4$
~t 1mp~ra.ti:ve to'seo\U'e .reltabJ.~d$ta on th~$trt1ctu~al b0'!ilo
havlor ()t the$e cplUtnn$~. ~1ng the aar1u :pa)?'t$,f t~53the.
Fritz ~lneerlng Laborat()W 01' Leht@1 Un!verst ty., test$d
*llesGaI'lch Assistan.t Pl"ofe$sor of Eng1neer1n€s Mater;lals.
Lehigh univers1 ty? Bethlehenll'l' Pe:nn~ylvan1a
33 ~01Ulma~, tbe ':resultsQ,t' Whl~\ ,ue prt$$ent$Q in thi$ paps;t> ..
. . ..'
All 'oolumns we1"Ell a.bout,J;.S"'l/a by le-l/a in:. in C~$$"$Er$tlon
axld 10' tt,~ in 1~fi8th., Fiv~ '$'1 ib~ "CelWJ1n~ llad,B$ ':r$intQ:r(:$~'
, '
'.m.ent" 8:1~ had lonsltud1nal' $,t16el. oab" nine badlateFa.lre:t.n"",
for~$ment Gn1y~ and tb1rt~an had b~tb lQnsltu(U.nal~a lat~~
.
al :relnfareement..The br1ekau.l!iea Wel"e e.>t three type~, comman
. ,'.
solid. stiff mud.hriok, d~alredso1141)1"101t, @d de....1Xfad :p~1.~'
toratea briek., All. three 'tneu$ fJt b1":J:.ek W@~ (l)f (i¢G&, tuali1';y,
the (\$oliiIa.ire'd tYP$$ being ~~~11$nt~ F1'\'ft' t,pes ~t ~rta,., we);'fg
. . ~
l!.aeC1; straigl'tt por'tlemdeem@:n't t!Grtar~o0.m$nt '1tt~rtareGJI1ta_1n'"
t~e lS'atlC110Q ,$r ~ent lbila bt "Volum~~ an&etmie!,it ~~tooreQn,""
talnin@ 5 p$1".ent cel1t~or J.5 P$lt' sentcA6l!f b, ,,~l$ht(;Jttbe
, '
,
$. ~AttLIIR,'!mS$!, 0IQ'BRIOX.COJi.r!lWS
,-"'*1'1 ;., ,It:A-,,,, '.' , ..lt~F'1'''~·" '. __ , ........ , .• ~.;
fIle'$!b$ o.f'b~lok p.b~1"$Q;t thl1ll W.tel"tf)~ ~$tdil(Ulil lefJl
~ l"ept):t'tJtd' 1lt Klc1ClW"$ ArtCHrrECT8Al"lV lltfILD1m~ ;wOaD~Bt)e:lt,
ihe)e~li>$s~sectl~n"as' e 'y l~ .l.p.,., ~d. the :n~lnal h$1{g1lt v~,
1e4' fr¢)lil 20-",,"1/~,tG as· in~,tt 00£llm¢»'l'lt llltl$, me:l?'t$.).'". .~-' pg;e't$: 11me
.l~(il'Mili 1 part ~r.tle.ndeetn$tl'tl$,p~t& 11m$' m~ta~~d ;L
p6l;rt n$turalcE:Q$ut, 1fa pt}t'tJ.antlcem02l:t mC't1'~rfQdlJ2 na~'
U~ (r(:JIn$n't mortar 'Were used., The i.,()m;p~n~s1:'fe $tr4,l)~th,ot
, ,
tb~ pi.,&X'$ va~1edfrQtn 1532 to '5020 lb., 1}&1"sq.'in~or frOm-
12',.e tQ 24.•13 pa\V' Gent Gt ,the cQnlpressive strengthefthe Inil(lk.
Otl1~r 'tlE,l(rt;a .nmde at 1;11$ Wate:rt(!)?1n .Arllumal ~~ Jr@port$d
in saveralf!'Jt tlle annual reporta of TF.,BTS OF Im'l'AtS~ Ttiatlm ~t
twelv-e brick: pi-era fGl' the 01t~ ~t Pb.11a.d$lphla. in 1685 are re'!iO'
p01:'ted in the 1884 volume.. Tll~p1aI'S or cubes WE;)re 13 byl,3by
13 in. Yb'lU." kinde of b1"1dksflbd' t\"to kinds .of 1'llOXOtllW, 1~4 lime
mortu and 1#2 naturaloem~nt Jm.0rtar were used~ Thecomp1'8sS....
lv$ stretl3th ctthe p1$rS range{t iT0m1.0,!7tee6~3 percen.t of
tha.tQt th¢lbrioks. :In thelli)S4 1t0J.tmle,:l"6sul't$ t-:lrt'talaQ' given
tQr' teats of 35 piers "a~J1.gt1!0me bY61tl. to le 'b). 1$ In!
.
in ¢rt:>s$"!'!$eetion and fr<)m 16;1n~, to 10 fti! in lengthjtta~ng
pQ:rrM.andnement ltrlorta1"j na.tur~ eemc:mt mortar, and lim~ mortar~
The c$ntpress1ve strength Of! these pl$:I'sranged f'l"()1no.l to 27 •.2
per centef tlle eo:rr.tproasi11e strength of the brick used. In the
1886 VQl'UtlW 'the reliilultfaEU'$$1.'V!on :rel:' 55piars l'angln@ tn slZ'$s.
t1'()m a by e ln~ tc:> lEJ 'Jl)y If, :1ni!' it1 e:V$,$$'-,$E!let1(i)na:nd ~C)$ Eto
12-1/e tt'i? in lex:u~;th? ualng a na:bl$1"$.l cement mortal"~'lh~
etrenStbaof' theoolt..1JDb.s raIlg$dlCOQm 6.4 t$ 18.2 pe~eent of
the st~ength of the brl.¢l(~ Themtl"$11gth ottbe columns ",as
found tQ b$ inve.1t'sely p:roport1~n~1 to tb.e ratIo between longi.;
tudlnalana lat()raldi..mens10n~ fora ratio ot3 tn$ oolumn
str$ngth waa 17 per eentot'l';h4i' br1<)k $tX'$ngth, ani for a :c&:t1()
Qf.16th$ ¢olnmn s1'.ll"en€;th ifas Gnl1 la'per¢0ntat the brl~k
$tre~'bh.
\In the 1693 voluma ther~eJult~ are slven to%"&t1K b;rlek
plera va.rying from 8 by a In." to lt> b,,16 in~ in ,erQss"'seet1on
and from 6 to a It" tn he1g)l't,!, Li.l!l$lnprtM~$dneat 1}¢);-tltUld
etment pastsW'$l'e used in solid mlti. hollow p1e1'$,•.with br1ck$
onedgaw.14 f.l~t!. The¢elnPr$as1ve$t~engthof the p!ers 1'anged
tr<>m 601 ~o 4625 lb. per sq.ln. In the 1904 vo:Lumeot' TE::~1"$ OF
MEfAts teste Qt 26 brlek aelumna. la by 12 tn. and a .tt! l;c1:lg,
are ~ep0r'bt3d. 1hGl ~l't~a used. tlerEl nea'b jportla.lld oement paste.
1:2 and 1:5 Ofjmen't Ulo:rta~p andl~3 lime !nQrtar'. Th<!) (to1.~'U1l$
hav1ng:r1($e:t ,c&ment ,past~ had-~ Ql1era@t6 8t~eD8th equla1 t() 30
pereen,t; af tbes~ng1;bof th$ briok" f;o~ 1#5 .po~tltmo oement
taOl't~. th$aV(;)~~$$~nsthWtll$ 24 p$roent~dfG%*1~3 1111!J.$
.!nortar tha.,o1umn$lt~angth :wasonl1 13 p.oreent of t-h-e,otre:n8th
of tl1e·brlok 4il• In the 1905 volume$' & repGrt 1$ g:1venGt J.3
0Qlum,ns ha.'\1'1.so1.ayb~lak an4 ¢.!>l'l$ col:u.mn ~V:i.J:lS$-a:nd""'l1me brl;eZfi.
The$~ QOJ.WL1.nS w$):"e12 '1)1 1. In. by eft.. with $():U.a. or hollow
cotesln neat PQrtlandeement Ui0rtar ~ 1:2~ .ll ~3a.nd lt t) 'e~ment
tno:r't.ti1i:'$,p $nd .1.f 5- limEl) m.~l~'ta.r.; Thecoltttnnaha"1-ne:rl~~t ~f,ml~.nt
1n(i)rtaI* $Eivestrenl$tli from 1,500 Ib~' pe~sq!-ln. :f'Q1:G$11d.l1mt
brick to 45~O lb.,pers('....:1n. torol~ b:tiok.colum1lE$. heV1ns
3.:5 llm$ morta~s~v$ a.t:reng'tbs b$.~en852ai}d 9553.'b"!; pE!!'!llJ('h
tn. -rhe 1906volwne oon~lnsa rep01!t of testeet 15 bX'1ck
pi,er$12 by 12 iDe; by e or 9ft! JIaatpo~tland .oement pa$t~!i
; .
1:1, 1:3." 1:5 1t and .1:6 pc:u:tland Qement mQ1"'tar$,a.nd lHJS 11m~
:mGrt~r Md 1:1':1 and 1~1;5 Oenl~n~IU.mam{)rtar$ '101"'6 ufied. 5.1i$
st~$ngthsQt the ej'1ay'b~1ek (1)Ql~la V$rta4i t~m.$50to$440 l'b~
pi$r sq.-1JJh # and that ~f' th~aan(i....l1r.ae brlaK t:olwms fram450.. to :'
l~O ;t'beper sq"ln. nl 'the 1907 '(1'l31~of Ti5STSOF l'a'rAtSr0\\ii1'
sul:~$ lareglvl$]fl tor, 32~olumn$ abou:b l~ br 12 ~n.. by 6 ft. long•.
The m()~tQ;r$ were n~at,port1an~ oement paste, 1.1. 1:2, ULd 1:3
p~l"tlandoe!n~:ntttlo):''tar., '~d 1:3 11~e lnc1"t~:t~ '1b$strengt~~ of .
, . '" :
tb,e ceJ.umna 'W~ra toun~ to be 010s$13 relat0d to the strensthet
the tt\Q:ttttl1" ooed. The $.trenstll ~¢1"$a$ed consIderably w1th th0
. :; .t,nGre~$~ 1n ~p.Qf tho ·(l01UJ.nn'1 1.I1(:)ne ease Var11ng hom 210Q
. ,
lb. p~:r' $q.1n", at tour hours ,to 4500 lbirl per $q,1n.• at steven
d.aJ/19 tOf nlilat,eemen:t 'pa$t~,.
In the tr'ransaotlons (> f the ASsoc 161. t<ton 0f' 01v11.Ensln~
e,e,rsQf CQrnell Uni'Vers1t1 tQIJ 1891...98 and le9g~1900j ,..etst11ts
tf);~ 81ven t(Jj"t: te~tf1J.cf b;rl<'lk<t)Olumns m$d<:l lit eorn~11 Un!varsiqr.
One ~GUp Of tGS,ts cons1stedef 18 p:l~J!3, 15 bY' 15~n. vvying
, tl"CJm 1J;"'l!S to7~1/$ fD!,1n l$;nstlt. wl"th 1;e p(1)rtl~d Cement
~:rtm.t" ... ! "'lEJs't1"ap.sth crt t.b.$ p,te%'$ Var1~d\~'~.e0n $$5 an41~t5
lb~ pe.~ $q..ln.. , ()·~·between.\9~4 5.1 percept of th~ br1ek
$'t1>elilgtill... Ant\rtllewsrOtlP CO!l:S!$ted t>t 14 p.te).'"$;:J' 11 of wb,1oll
hadho4"lzont~ relu1"t>reement cons1sttns 01tharoftroB 51tl'3.;PS'9
vd.r~ netti:ngJ; O%" iron platesit ~~ piers wer,~ 13 b7 ~3 in. and
6~5/4 ft., lO:J1€h .l,th 112 portltind ,eeme'nt .raol,.t~X't, The ~$ulta
'.
showed that tll~a'ttera~ ~OJ.umtl ~l~r(')ngth lnper¢en~~.of
br10k $trensth tlll¥J30 for· th.$ pla1nbtick oo1wms~ 13~ when.
~. :, .
iro.n crt~a,ps were u.s$Cl .t.n every t()UX-~ eour.$e~ 22 1n ~V'ert
. ." ..' )
Sl,xtheolU'se.fj: anCl24 per eml.t·1Jl '~V'\'11'7 el,$h.thQou.:t'$<$~ !fQJ"
.,.. , t;
wtren$tt11l$ th&,);)erQentS6~ ·Vla$ 4et()~ U(l,)ttl~ ~n ~"fe~'
'.\ I'
otJlU?ee~ andi3 to];' n0tt3.n~ W. e.ve':l!yaeoonci: CQlU."~(I). J!()?!
iron. plates. tn evelW fou~th. ·()ou.r$~· tb.~ pet'o(lln:ta~wa$ 2e~ .
• <
, . .
. ~t tIle tJn1'\t0r~1'tr of TG;J?Cl'1ito .1'1 'b~iott prtet'swe:re
teBted~, a 1"e:PO~t0r '¥111eb is, SfVC:>Jl in ]jI~T OF l'SYSlCAt
~lTS ,101,1:oJ' Nc•.a, le96'tt The p1ar~ ?fare 9 bY' 9 1n!l 1n
. ; ~
cross"'sec,;-tlon ~d varieu in 10l'l@th troD.! 16 to '12 in.• The·
mortu~ U61ed we3?6 :t:2 11nie mo:rtax- ~ndJ.i3Jo:t"tlEmdce_nt
mortar. !h~ ool~ hav$ng lime, mo:rt~ gavei s't:t"en8~h av~r-
t ~ ~ " }
aging 17 p~r ce~t ot~he br~.Qk, s~:r0ll@lthilUl.dtha ooJ.~$bav.
ins PQrtl~doGl'.ne;rltm0rtara.v~~~4~ p~ ¢ent ,of the,
.,
brlel<; a:trengtb,
At. 1Wdu.e tTnlVers,"', teats were made j,n3..906..,.07Qn
52 $hortoolwnnsot c],.au flm<i san~'I'"l1nte br:1eks,t and .(), ~P01"t
I .". •
01' the r$su1.ts 15€$ivGln in, mTGlNEE;"ttING ans" Feb:r~25:lt
, , .
1909,.,Alt$w:l!a .l.1memQ~~ was used: t~):' all pl~r$ which
h~d $ ¢r,()s$~a$¢tlonal arEaa ot 3..a by 12 ln~. and. a, h(;)j.@ht, ~t
4 ft., ~e Qompt:e.$$lve stiran.gtb of the:;ae ;p1ers r~e(l hom.
7~3 to 35,.0 pel' ·cent of the stX'eqth of the br1ett •.
BullG'tln 11Q~27 or tl'ltlUniverelty ot Illinois (1909 j I
oontnln$adeta11~d J,'°epot"t on teets of' 16 uriel( eolutnn~ l!UJ.d
16 terra. cotta Q&lumna.~. The br:iek: oolUIJ:lns ware 12-1/2 by
li2~1/2 :inlt :tn Ql;'oss$.eotlon tr.i.1,'uil0 :rt\t· 1n 'length. !WQ {!ta.(l..,e
ot brick ~ere u0$d, en,~xo~11ont. butlding briek attda sott
~ade brick~ i~$ ba$t~aie b~1ek:a't1'araa'ea 1Q t 7QOlb~ per
sq'1I1n. in streneth and the sOft btiolt tl'Voragecl only 3900 lb,~
pe:tsq,,, in. l£leve.tlofthe b~1tclt 001tU!U1$ h~d 1..3 p,Grtl~.:ndo~...,
m~nt l'J1Ort~ .. two had 1:5 portland Qement ttl():rttQ~tonf1 bad ltS
naturfll eement lnort~u" ana two hild 1:3' 11.me mo:t't&:r~ 1:h~ per...·
ce.ntageQt tbe averi'l66l!}'trengthot th~(l()lumn t'O tootot th~
brick at an agG of abQuttwo months '\l1as :51 tor well 1*1(1 1;3
portland oement mQrttJU?, 27'£Q1: poorlY laid J.$3 portland 0$"+
ment lllortar~ 21 tor ~e"11Qld ll5 PQ:ttlUd oement tloriar.l&
foX', 19'ell lr~ld na'turalcl$)1!$n't mQrt~rf t.U1t!l 14 to:r well lflld .1$2
Itme m()t'tf~,when ti1'stelaS$ b'r1ok was U$od. For 60ft 'brick
OQll1..'lifl.Iis the averasapEilt1'ContagEl \faS 8'1tGrt w:el1 lata 1t3 port....
land cement mortar. the 1n1t1a1 mt>dtl1ua of elasticity v81"1$4
t~Qm about 4,~OO~ooOtf) 5.GOO~OOO J.b, :p0l"aH~.,1n.. tor :first-
claSS brlcl~columns in well 1&1d 1;5 portlnndCetaent mort~j.
botweem. 5,~lOO~OO() aua~",500 ...000 lb. per sq,,1u!,tOJ." well la:t4
1:5 portland oanlant mortar~ was 000,000 .lb~; per sq,!ln. for
lt51la'tur$l dement mortar and varied b~tnen lOljOOOtUu'i
107,000 1041, persq.~ ln~ fo-,r 1 ~ 83 lime morta)'c. FQ:r 90ft brick;
colmnnathe initial modulus 0'1 elasticity' WQ.$ ab.Qut450.000
lb. per SQ., in·., for 1. #3 PQrtlandeement mortar.•
. ~he P'JiGlNEJmlllG $Omu.>f.or ;Ma:rQh ~,!,. l,,~13~ r6»O~ts "
t$st$ of' ft@ large br1Qk. pi$~a., ..'I'h$ p1e~~l~V$;!l~ 4e '01. ·48 In,~. .
in creme, s$(r~lonand ,12 ft.!, .in helMt.. '!b@P.1QJ1taxta US$&. tf$,;r~ .
It:l. p01'tl@d eem.entand 1;1 ltlnt(f)" tRlle pl$l(' ha,v1ng ,t)Etn.te:nt mt');r.
tar,! 8&veaompress1ve: ~trengtb -equal to 28,,9 per C$nt _(1. that
hav1llg lime' mortar ''1.5 p$r·,~ent Qf thest:rength of. th~ brtck~ .
At Co1umb1$ 'l1nlve~alt'1 t~$t8 were nuiu~el1}.19J.4~:t,915
on· 69 brick piers 11' 'The pl~:t'$ were 8 by a in,. 1nc.roGS S0Q..
,
tton. by '1 tt" 1n he1gb.t,~ The tn(>rtars UfiH~li ,Jere 1;5, p()rtl.~d
cement with no·adm1Xtursj) with l0ll .1.5., 25. 50 and 7~ pe:r ~0tl't
lime' asmdmlxture, and 1:,~ .).lnl$: mort~X'. 'I'h~$;se. (l'U~ test ...,~
led ·t~m eevfiln,· aa.y~ to tbr$$ In()n~bl3. TWo t·y;P({ilS of brlck.el'$
,
uS0d:j.Witho.ompre:asJi.ves.trangth$~t lOt500 t!U1d 3221 lb. In,:c'
sq.In. WIthstmqht l,urs oement imQl'tlllX' the a'tren$tb~f the
ple!'B in()r&~~s~da.l.l6ht~ybEl.l1W0$n the ~e;~$()t'l an4 ae ~$:.
but :ahOV1'edtao tner$llll.$ebetween~a ll.$Jf.$ ~d :$ ln~:n'tlu~ll!, \\'hen
11~ QamlX~Qj;> l1n!$lnoJ:."ta.:rwas used 'hEll ,etr~n$th 'Q..tth$
. : . ·v
piers ino.~$e8~Ciq)ons1.$tentllttP ,. to the ase o't 1Ql~~ xuf;.lnth,a1lt:,
The test· "$l,tl't;$1:11dloat$d tb.~lt. the high~st6l~r~ntrt.b '18$ Ol)oia
talued by the use .ct Qelnel'lt naortalG c.u).ntalnlng 25 peli" e$nt
. 11meilt-1'h0 CCiJ1pressive. strength ot the. plera :t"axmedtr~ 4.~.6
t()52,~1 pel" Q0nt of th$$tre~tb o~ tbe, b;r1<;k$~ A~pel,;'t9n
th$$etsSlts is g1ven1n BuJ.;L$t1:n:r of the mre:rated Llm~ n~$au
Qt' the National L~m.e A~B,Qoiat$on" June l~ 1916,
T&stsof: 50br:iel, plersat thJ;lBttreau et atnndards'
tabor'atb~:V at Plt'ti'/sbught penr\t$Ylvum.aj ·...r. repcri}el,d in
TBOWIOLOGIC .PAPER Ito. 111 :of the Bw.:'eau. Of StS:lld~ds~· the
~le'ts W$l'$ 30 'by 30' in. 1n 'o'tcs$sectleJ);S1'1d f.)1tb.'er '5 ott
.10 it" long. D1ffel."$nt grade$ ,at b~ek '"era used ~th 1:5
pprtl~nd cettent 't]~ort~ w1th(!iu.t a~tu.l~ and w.i1th a.5 pe~
cent i1tae, and J,:3and 1;6 1115$ Inol~tlX"$. One or tbe pi$~$
. ,. . , .
had Wire mesh in ,eve17 joi.nt a11ld anot~.t" Qn~ had wi'ra m<9sh
1n every fOttr'th j()lnt. fhe' co:mp1"l!ss.t'11$ S1}:re~th cit 11he
. 1;)la1nb~i.ek oolutans ~atl,,~'ed fro;m'1.6 'bQ 75.1 »sit oentf1)f the
$'t1"ength. 'Ott-he bj:flok.1'he' 'l'1,riSl Ulesh.'tn ewi" jQint ral$,~d'
the pel'c$nto.getci 92.,':",
~$to at 1~ brflek pi$~'Qat 'tl'J.0 '~,lv~slty ot ~rol'xt(;)
a:r& ~eported it! Pi'O~0£nU.ng$ot thEft Fifth Annual Mcetlng ot
the Buil.ding oUtelal~ QE)nfe;J'$:tlc~. 1~19. ,~1l0 piers .~(ta
by .e in, in oro$$see'tlQnanll va.r1ed ~om 1 t() 9 tt., 111
la~1ght~ fte tt!.o;rlnra w~re 1:3 POl'>1:iland Q0xnen'timorter ~1.tb15
l;3ercen:t 11f1e atld1t5 l:Une l.1W1"tar. Thebrtck$ bad astrQ~til
tJto~v '1000 ;U:)~ per sq.,in. flat.. 'lbe' pters, tid. lib ,oem$nt mar...,
tar ~&.Ve stren~h 'Varying ft'om. 54 to ''18 p$tt)~nt 'Qt the bx-1ek
s'tl'ength. while the p1ers with litae mQrtal" gave valu$s betw$$l
30 $,Bel 55 Je3?o~nt,. fbe short.plt11"S gs:ve bl~fl!)r str~ngthth~.
did the long piers.
•mlGIQJRIN~ N:E."S~nECOJtDtor Au~et 31" 1952;1, CQllta1ns
lf1 Z"G:p~rtot, testeot t'¢'tU' br1t)k p1()):ll's ~'ut fi'Cl1:l tlW.$oni'" dSf'
" w.1"e(}.kel! bUi.1CUn8s~ 16 years 01d. The })1e1"$ wf>r612 b., 16 In.
:in ~rQt!H;1 dot:1oX\im.nd var!e4 '1~ ,he1gtl't 'fro!n al-,'1/2 to: ,IlV in~.' A
-,1~3 PQr1t;l.tmd ¢em6nt mol"tar t"f8,$ used 1nthe pi·eX's. 'l'bf), OOnpr0$....
,
G!:ve $'t:t"¢nstb ottb,e pie)11;1l V(*:rl~a trOlR el17 lb·" '$~ sq.,1n. ter
a pier w~th Uneven 'be6l.r!ng plate to 2090 lb. pel" sQ..in:•
.At CQlumbla Univ~.e~ tv tes:ts were l'!.lftd$ ot 133.. b3:':tel~
p$er$~.1"e:pe,:rt of which .1sg1van in Ballet11'1 2., Depattmentcf
,Olvl;l.,!ngl:neer~te$~lnBlsbol"atQr1es* columbia Un:lversity',
1925~ ~e pl,sX'$, ":rte 12 by 12111. irl QrQ$S se(>t1oa with$
, I '
!lel,ght otej.ther 3-.1/2 o~ ? f~o with lH' portland cement
mor'tar.- 04fll:'y 'brl()kt"" t$attd~l!me and COllerete b~lel( ware usedI .'
,
'-n t~e P1.¢·l'$~ 1:b$ compresa1v0 strength $' the 1'1$1'8 ranged
fr~ 1~7!J& ~o ~~~Q peroentGtth~ str$ngtll. of 1Ihl$ b3rl~It~ ,
'fe$t~(l)t 67 briok: pie%,$ 111 Fillgiand 1n 1695....189'/ are
,
:wepQrt~4 tn RQY~l In.stltUtoot' JlJrlt!sh Ar'¢};d.t~et3.R0p0~:t
.
on B1"l()k.~orl~'TeGtt~~! .1.905,: ft-e' pl$P$' v~l":1ed 1n cross' lSn~otton
hom 13 bw 15 ,$.n~ to J.S1i>y 2'$ ,ln~ and ftEire e tt.. in b$lebt~
,. ~
1'>tf:rEilrent S1't\de$Or b~lek$ WG;tf~ ustad ~11th ll:~ partlM~ cGn1ent
mortar~d wltlt 1#.2 ltms moJ:'tal?~ the oomp)1es$lV'$st~ength'or
.'th~ plers' varl$~l tr<1>t!1 V.6 to 4&.,S P$~ ,:(tent of 'the: .$t1r~n:gth"f
th$ br1<d'ts.
... .11
A :l'0p03?1)()tJ. testa cf 67 brtak p1e1'"8 at the SW't)disb
Tacbniea.l. !tl.$titut0 1s pub.l1.$,hed. in TO.NINDOOtBIE Z5ITUN'(1.
aeptaJll'bar)) and 21, 1916,. The p10~S vtU~1~d in orass sso....
tion :tt'cm 8 bj 6 in.. to 11 b1 11 in, an~ in: helg11t ,from 5
a m1Xtu.~ oteement and li:meln 'the toll()wing proportions;
1. t":emant~ 2 :U.ttte't 9 sand. 1 cement" 111m.,; e sand;
2 ee:!ll~nt.j 1, :1,j.me~, 9 sa.nd; 1 cel;ent# 2 11m.e.7 ~andJ and a
1:5 p$rtland cement tt1a1"'tar. Some of th0 piers were 500$n"",
tr1oa-lly lQad~(i~ Th$:I,"t\ilsultSlSllowed that the G}hort$:f th(il)
pial?' the tP"enter W8:Sth0 f.rtrons't;11... ThSjra1.$O show~(!'J, tl1ftt
the $oel$l1trlc!'tY' of 1()ad1ng{;l$or~($.sedth~st:reJJSth l.tlQt~l'l""
al17.· The 1:3 cement mortar @£i1"ehlgherstrength than did
anyQf the other> mox''tar$. The Qompre3~1v0 stx-ength sf the
ple:.t~$ rangedfrem Q minimum of J~O.2, per cent f()r piers
. loaded at the quarter point tel) $ nAUllAW1i ot 71.a per cent
tor Qonoe!'l'trl¢811y load~d ;piers.>
A $Ufll...ma.ry or tho teste of b:t'1ek 1>1$1"$ 1spJ.-esen.tad
in 'l'$ble I.
The ~n"f.u.1t1g$.t1on of ;re1nt"or(}$d ''bvlokcoll1t1'An$'l$$
undertaken at the initiative et Judaon VogdeEJ, ~epr$'S$nta""·
tlve 9t the llatlonal Brick M$.llUt~0tu.r.~:t$Reaearoh Hounda...
t:ton~ The te~1@b Brie!" W~rk$ of Allcl.\'tQwn, J?;enneylvan1a,
tbroughRobert It.. !Y!Qsae-r. suppli$ dallmeate:r1ala E;lnd bUilt
thGc01UIDns.lJ:he 1f$stlngtikt th$(}Oll.lW'is was dGne $S part,(}t
the :?easeorch e;qJe:r1~<!iint$ '0'1 tb~ h1"tzEngl~$$1'1ng La'borat01&
ot Lehigh Un1",e:rslty~
s" ~TmtIALS~'" I.. _.J:
t'Ae 'bJ."loks U$ed in thitb 1nv~$~lG$.t1on.t'1ereof th:re~'
,
typt)s" so11d b:ttlck made by thE} et1rf~mud. p!"<i)Oess,. $o11,d de.."
a:t:red -bl~!A'lt"and »ert¢)t!Q.teddG....~1red br1Ql:e... me br.1oltsw$"
manutnetUl'0d. bytha 1;,eb-1gh Bri¢1~\VOl'tk5: Q.t All,~ntlf>wn,? PetUlsyl,.;",
'vanlaGi:rne tle-alred brlekgfj"~ellt4)e.lle:nt.at1"e:n~th reaul,tltlj).-
t -.
tbe e:vertA$G s'trf>qth f~rsoll~ brick tor one SI"OUp be-tn@:
1311.76()~ ,!tOjQ70,. 'Md. lOfj,6BO 1b... p$rsq.1n.~fo:r flat •.·.. on end 11.',
, ,"" '",,' - t '
and on edg~ r$spectt,velyjand t()]tE'UlgtlM;~r g1>~Up 11~OOO lb.
per $q~in!J :flat. on$ €P'J'QUPQt ~~fo:rQtedbrick bad .stI"'iength
01' 12,190, 6760 -Eil,ud ?720 lb.,p61req, 11'b p.an!1 anQth~r ~(J)U»
?520li 4840 and 6080 lb .. per 'sq.1;n.• for fla.tl on, ~nt'l]J' andQl1
$d~ :E!ee1)$etivolY't,f Tbe brl<Ut,t3 or tb~ old stlft....I!ud typagaw
, --
. an· $V':~raae QOl!1P:resaiveertirans'th Qt aoOOlb~, per$q91n~.tlat f
3700 lb., pe~ $Q.:!1n!t _on end, .end: 7G701b. par sq.,ln.. ·onedgt}.•.
The r~teQf .ab$~~ptlontor tb@ three tYPe$ 9f briok U$$dl$
sh~wn in F16~ l~ The ;p0rtol'ated brlok showedab$Qr~t1onab()~t
tw~ce that Qt' tbe sol1d b~i¢k for lss$ than ten mnutes Qt $U~~
.. .
mel"slon. The so11d etlf:f"'mud brick ebow$d a higher ilboorpt1011
than <lid the solld de-aSr'ed briCk. The difference 1n structurt!
of the de~a1red br10k and'the st1ff-:mu.dbrlcl( 1sshG\'m. in !rlg~2
tor bl">1cKItl $aw~(l lttt<J ~et1onsl» It 1$!lcrteo tbElt tbestlff~
mu,d br.l:elt ha:dlatrdnatlQns ·an,(ia:mall ahrinl~e ·eraek;sa while
1/11$ de--a,11!'ed brl<dt $ho~$d8Ve1t'!lden$e$t1.d 'W'l1fQ2?m stmotum.
The average WE;lght of the ,ao11d ,$'t1tt-mud br1.ck WQS
211$ gram.e p$r brleJtf.the$(i)11d de-aired 'briok a2G4 Slr&"n$,
and the pet:'to!'atE1o, de'!"sired br1cl:c 2000 sr~sJ!
.The c0!1'lent used for the mortu 11t the 1nv$st1gatlon
WStl till't$ndatd port.land oemen:t i.1Uinu.fQ~tu:rea by the Lehlgh
. ,,~ .'
'Pol'"tland C0$!lant c~mp~~.
·trb~ mQrtaJr" sand W8$ a l\few 1$1"19$1 l$k~ $a.nd h$v:i,ng s
.-.
14
1-"11 rieur,
., 30,,1
. j-', ") T
> :_,' n",,' r'
l·--_-n.~
. ..~~'J, .C~t .11~t~i~~,d,.~ ~~,.".e)~()~ ,••
8 -Finene6s'
MQu'lilus
" -·~'...:t '1' , " ilia'
"ii, __ ._,
sieve e.:nalysi~a$ t'QlloWf$;
~... . If:' .'~' .' '",;; ," '. fI, -1.( _ _._
15 mld 100 p.$3?t}~nt by volunu:l of the ,C0ment ttraa. tU$ed.;.The-
m()t-t~ whiQhCQrr(;a\1ned 100 pe:l."C'ent 11m0h8~ six 1'81'$$ liJMtl '
to t)n~ part cement~Al1()th$r ~:rf;QrS" bi\d threepart$swld
toone puu-tcementby .loose voJ.'LUl!(;31 exoE)pt the :morta=, :for
the last five eo.luum.$ Which badtl10 p$.I'"ta$Qd by \lV'$lght to
\
one putc.~n' .•, One $aek otoetilent (leu.ft,) W$;$ t$ken
-ill!< 14
as we1Shine 94 lb"-9 a.nd one aa9k (lou. ft.) hydrated lin.
as GO :Lb. In another Sroup QtcolUDW.S 5 per <.lent ct):U. tflt
by wel€;"btwas used ae a.n n.dm.lXture to the cement mortar in
order to pl"ov1detor the neOoQsarj1' plastlo'!ty.. A third
~oup had ltl pe:rcent by 'fe1&!ht oford·luGt'Y' 1)rU,d, clai add-
ed to the max-tar. The eleve tmslyal$ of the ,brlck01~ was
as .follows•
. 'I .... ".1
i 20g
84.6
r. n IF _ I
.. t' .
Per cent Ratalnedon Sieve no.
100 . 4e -28, 14' "
.....,.',--." .,1,'--.' ~~',""'"i~7~0 66,.4 60.4 27 ..7
p' t'
"
,
The 1:3 cement mortar' whleh contained no adtUxture laoked
plaet101ty and wa& Gonsldered unpre.ctleal'torbr<U.:nat:7
masonry. ·'1.bf;Jtldd1t1on of 25 per e01'1t hydra.ted liJllo improvod
\ . . -
tbe plasticity' somewhat; but did not produca th$ neoessary'
1iorkflb1:U.ty. 'l'he 5 per oen.t Qollt$ 1mprovedthe workabi11tt
. ,
of the mOf'tnt' lnJ,t did not prodUce the plast1clt7 obtained bY'
lOOp,!' ~entbyd~at.d 11m or 15 }l$X"oent clay., :even" intltl.
catton l)oUlted towUda th~ D.ort$r oontatnlng 15 percent olay
_the mo" d€JeJlrnble one., It had the: plast1c.1ty ottbe 100
per eent hydrated lime mortar Md had atl>t6l!Sth nearl3' equal.
to that Qt the stn1ght po~tle.nd een~llt mortnr.The :results
01' theo013'lllre43si"I,t@6trel'l8t b at 28 df.l1tJ ot 3 byti....ln, mo-rttlr
s.peclmens made trom ditferent batehe$ of mortar gntte a:"erae;e
values ot 2790; ~420. 2290 and 2370 lb. per sQ..:tn. tor
.. 15
straigbt c~ent mortar" mGrtar conta1ningl.OOpercent ;U.me,
5 per Gt!)J'J:t; eelit~end l5per centclay'j t'eapeetiV'elY'~,
The aOngltUt\t~:l rEillnfQI:'Q.(i)meni:; 00!1s1erted ;fi)f to~
'btU;"s"'ith 1t.'1111el $Ud0 b\1H'U'Ug dl;r$ctlyaga1nattn.E?1 eM
pla'te$Qt theoQ).umne~ ill~ ~hws1cal propertlesQtthe,
long!tu4t.nalrEi)lnt¢)rc@m~n'tware &;$ f'ollow5.l$;
f1 •
.. toiL"'-'
. -r .'
., . ... - .' j
Tane11eStrength
:lb. n~ersq.ltJ.l.,
J" .:' ... 1, •
Y'GPO Ult•
Or ........ •
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the lat$~Ul"e:tn:rorcenent ,conslsteuof ,130ft $teel
1I1,e40t atthel' a/e&r ,'1/41n~ dlamete~. plaeed,lll11in$;r..-.,
ettt tnQ:ttar jQ;1n'ts.. 'tlte tlels wera bElnt into e--'1n.$qU~
sfI.:)cttofis wi-that lEJa;q,;'t 5...1n~ 161)$. One ,celumn,lutd wa.11
strips tor late~Ei1 re1nfctreEm!ont.· Table II 81ves the 1rt."
j;'1ormatlQn 1'(Jr the celU1\Jn0 uS$.d in tllls'invelltl@ntiQn,o
~ .
6.. OONSTimOTiON AlifD STOR/t-GE OF OOIlJ'MN~
i'he re1nfore~d brick columna were QQnstrueta4 by
brlckrnasQns .1n the employ ~f Q eontraetor In Allentown.
G$n~ra1l1, fA Qolumn wa~Qompleted in QUO (lay.. Oooasionally,
howev$r" a e.olmnl't ?fl'il$ on$...halt ¢ompleted on one d«r andtl:ntiol
1$heClon the n~xt ds,y..., Th,elateral t1$$were p:retlsei into
the mort~ in the j{)!ntswhere th¢y were used. 'I'he th1¢k~
n.~e$()t .thf$ 1norta~ jOints 19'P a;pprQ:x1matel1 1/2 ineb~ Th~
longitudinal r.lnforoement 'W$S lined upt1)n the btl$@ plate
befC)r0th~ eonstru-Gt!Q:Jl of thE) col_ be8an III. the bt>1. cak i
tQUow$~ .''th~ al1gnm$nt Qt th~$tMll)'.and t11$ la.$t le.y~r' Gf
hr10k wets sllghtly below tbe top otthe8te~1. J.,tt¢r the
colwnns "ereeol~~letedthGV \'fet?(J ee.pp(')(i bye '1;1 '~em$n't
ntot'tar~ Jrhe o~p~lns plate was pressed Clown SO, as' to bear
against the.\ Jn1ll&d ~nd$ (If 'the longltud1m~i :ceintO;l.'01ng
$te~1.
T,hCicolumn$ W61'"Et stored on th~ mai.n fJ.,Qor of' th$
. : ; ..
labo'N':L'tOI'r ~,' D~1n8 the fttstl$Stren, 4ay'$ tb~ CplUnlns.W$re
spr1111t1ed with water onc6; in the. lllo;t'ld.~¢U!a. ent:'l0 ,in the
td'1';ernoono Th$ l~t:lI:t fiv e eol~,~., h~wever, were sp1?1nkled
W:l:'tt v/G);tel~QnlY $ot tt..te 6;61$0$ ()ne 4«1.,: .
7" :1~1\ODS 03t~1;Ilj~*lfg
t ~ - , , '.;
.Af$W .,ottheo.o1UJmUlJwere .tGiJte4 ·a1» ·1:bf!) .t\~ ·(:)"'4&"$ ,
: ~ <
.11~ t.h~ 'M3o~1 ty 'V1et~>·t~$.tEid .attU$ s,seot 00 a.ay$~ ThE)
Qolumns .:W~0 ..plfllced ·inthe testing ,tnaeblne ·wl'thboth base and'
top plntes a.ttaohed t9 th(')(Jtll.;UJnne, fhebaeeof th~eolq.mn
r6tzted directly on th~ table Of1lhe tostlng mae.h1n$~ ana on
"t-h~ top of tfb$eol.~th~)..Qa4we$. tranfll:r:~.rr$dfl"0m tb~ ro.~v.~
able head or the maQhtbie tp the column by meansote a,pher-16a!
....
bearing block. The l~ad was appl~d in 1l1¢r~.nt$ot ~1th$1'
25~000 ,50,J.')OO,lor 100,,000 l/b. Acompl$ta, set ,9~\6efQ$a-
,tl$n,ol>oerva.t1ons was tCik"etl,' aft~l,"eadh 1nQrem~ntof'1~ading!!> .
,.
The'a$~{)~tlon ln~trWn.enta V!er$ removed w1).f}t1 the ,()olumna
ha4 'b$en'1oaiWt1 t. a.pprojtlmatelv two...tb1~as of their ,strength,f)
and tt,u:the:r'10aU tffl$:t1pp11e'u ~a~UallWWltil th~. 'u!lttmt$
strength was r$aehed~
8! At!P1¥J\~~9F...2.'
~e lC)~1tUdiM:r;.d$t~,at1on$"'ere o'tus~rved at each
•
1:ncramen't of lQadln6 bit !iJ$$ls .of l/lo~tn.· Ames dials' work:<!U
\
ing on a sase line O.t a~eut nine te0t~ Tbedlals W'$ro' olmrq>eCl
to Q eol1tU" whieh ,me til'ttached to thEr!eolumn about {} In..f'r<:>>l1( .. .. .;. - . _.. - -. .
the bottom. steel'bax"s (l/e.'in. squO,t'e )\Jlers61amped to a
c()1J.$1"~h1eh w~attacbed to t'.b.ecol:wnn at about 6 in. f1'tQ:nl
the tC'iP ,ot the column.. ThE/se' b~re bo~ &6~d.:n$t thfJ plun8~r
cfthed1ale whiQh were attQ¢hed to, the collar ne~ th$ b~s~
Of th~eolumn4t The total mOV$1'nent· Q1t the tWQooJ.la~$ '@111$
reS1E:rteted., bit the- tllul$.•. tat$X'al ae;t~ttJlatton mlliasurementa
• I
\19'$1'0 ta:k:enon 3omeQt'the c(}l~$ by means of 1110;OOO-1n..,
. ' .
AlJ,l$s difU.$~ Theaedi.mla 'Wet'$$QQi:ttQoh,d. to steel tr~$ as
,
tog;1VE; : the ~et01~tlol1 l~tl. gage lWlithef about 1,1 1a~,
ta:ter~, detl~¢tlo~1Jl$a$ur8m$nts we:re taken on t'he tl1?st 84:'OUP
ot columnap, bu.t due to the st::'uiilllnusot tll~defl~utl@.ft tbe$l$
meneurementa 'illT01"e a'band()n0d~ '!'Woof th$QQlwnns. hEld ill.l&gen'fo!>
bersor. tensomat$!"S attaehed to the brlon and $1$0 (1@l'O$eJ·
th$' lDQ1"'tS'l" ,jQint. '1l!eB~ inst1"UI11etita sav~th~ JI."$lat~v0 (1$"':
i'~~t:i.onof" th~ bricltM€l tl&\?; JQlnt~, 6,lndalso fUr;nlsbtll
dQ.t€i' f1;omwillen to compute the modtllU$ot ~l$stlc1ty ~f· t.P~
bX-lck. Th~ stress....strainQurlr$t'oli the brick;' qd foX' the
joint 1s '$hOMl 1n l!"'la,,~.. It Is !lcted thatth~ ln1tl~lxn()d","
, .
tllU80't ela$tlqltu o.f tbe b~iek.wf~$ about 5,000.,.000 lb.. J~r
g~~ :.rtPW :OF J.!AILURti
Three dlstinet t1pe$ of feUlh~~'eceu1"rea~ 'l'he
oo.ttUIlnS wbich baa noralnfo;teemf)nt a.l1¢l;p$$d ()Oll.lple.t$l1Ull..ij>,
on "i$.~h1na th0ma.xl:mnm load~: Thf> eolt.mm~l wit.h lougl'ttUlinfll,
but n&.1:.Qteral lre,UdoJ."ce_nt ·sbo."~& 'V01't1eal $pl.i~tlng. When
tbe ~$ad: ~ppI'Of!..~h~d the.~:i.mUnlf:$OuMSC1Jtcra,eklngW~
."'.
hIWfiJl'do(l ve~tleal CraCH~i!l we)?e'$"Il to tollo,' thti!J'vertloal
mortElF jCltnt$ ~.st~Q:1~bt tbrQ~ tbe 'bt:lck b~.rt~ween.cth$$€.
jQlnta,,..ThuB, J,;ons V$~t:$:Ol;ll ~1.'.ek$ $c"ur~d ~tlat· _;!.dJ~-U:m1
load t'he·e'olumn fal1~d"t~ a~e't1on~ as 1$ 1ntU.Qated ~ the
phGt~~'P.b ~hown Ill. 1~!g.,4.,~0CQll:ttW1$: wbleb. h$d 'bo'th lan"
gltudln.a.tl an4 ),$1;er81 ~Etd.,rAfQll"'~.:m$l\~~h(;)\ved1~e~It"~1u't~
witboutoo;\1apsing•.:For$!lal1 &mounts of la:t&~'"~!lr<;d.ntG.roe""
·ment the <;lJacke followed the'lre:rt!eal j()1nts ~s torQ~ltmitl$
tlJ'ltbout le'tEu.<t$1 tl~$,,; fig.. 5lSjhowo· a ty'p:i,nat f'ailtU"e ~t $
o()lUl'11tl Wlthboth lo~1tUdlnal' 'and latfDral 'bles. Witill larg~
em~unt$Of la:tarcal t'01m:t)1"'o$ment~. how~Vert the spl;Ltt'1ag
a<3tlQn took plaoe at the 16yer of the t:i.~s and the brickS
$p~edQf'tcutBlde theti,$$; o3tle1ng failure by bucld.1'lli§
f,Ul shown in FiS.. 6.
10., inE.O' Mor~T~.,
WhetY:P<3 Qtm<>rt@lr usea for r01nfQ);'ced briok columns
had a marked eft$ct uponthelr strength,. Ooiumns 18, 19 Bnd
20 wereld~nt~eal E!lXt')$,t,tor th~ type of molt"tar U$f)d, The
masous .were stronslY 1n tavQrotthe mortar ¢onta1ning 15
p$r cent c'laY~lfbls $:Qt'tu etuek to ttlEl tro\V$l~ndeould '0$
wo~k$d b~tter tbnn a1l,yot tbe ot;'ber mortars included in tho
1nv-est1g-4tio.n., ~,a workabl1~t1 standpQint the t"'lortar con.,
ta1ni11:S 100 P$~ ()$n:t.imewQs tb.$ seeondoho1ee otthe,ma.aons~
l!QWeVar,. the hl~ lltln0cofttent l~~du.ced 'the str$ngth otthe
m(};l."'tar toeu0-}:t an ~xtt7Jnt·£Ul to e11m1:Mte tnl$ tn>~ "he" high
strength .as requl:red. Th$ 5 pe~~~t ~$llte eJ!tve a furl".
plastte nlQrtar,. but Qould not $ompe,te with 'the 15 pe:c o$nt
ela.y and the 100 peJ:'Q'entltm$ mortar. UOrtar oontaU.rd.q 15
per o(l)nt I1me was llttf1cw.'t to handle $Uds() Wile the $1$tta!ght
cetrtt'J);nt mona:r to $. still gre$t~r exten:t.- i1'H" 6trengthr;,t th~
column o,onta.1n1ng mO:MJ4l1" with, J;5 per e~nt el&y w8.!!i~a.te1"
than for aetraiGht e~entm~tat and tQra. fno:rtu containing
5 per cent o$1:it0~ No doubt the better workabi11t~ gave a
, . ,
In se.ne~a.1thestrQngu~the,morta~U$eaJthestrQX10er W~$ the
'" -'. . . .
, .
o,olumn. For tb¢l0e ,~Ol~$ tbeoenwnt mQrt~ Qon'ta,1n1t!G 15
. ,
perQe~tQrdJ.nary()1af was '01 tar. the nost S3t1s taGtQ31Y 1'.101"'....
tar~lfll$ $'t're>8$~$tl'81n die.gram' tor (:olunns hQ"11na £rt~a1eht ;
o$!!.letrt mli>rte.r" 15 P$'r~-en1;; ()J.a~t·adr~tU:l'"0 .' Md 5 »ew oent ()@1~'
,
lite a&nlxtU1.'e t 1s glv,~n in Fig.'. 'Perfo,:o:ted de-..aUad 'br1~ .
wae uGed. in these ao1.umn~~ 'l'be¢JOinblned effect ()f the type
of morta.;rsnd ty»oot brick ¢n the tno4u);uBofeltlst1t;1 ty of
thecco~wnnt& ,shown 1n Flg~,a.. 'rheresul.tfaot 't&~ta: on. th$
35 901u.mus in¢ltlded in thl$ In't1~stlgatlQna:reslven in fabl$
,
11., EIr.F1tt0!,. alPJSOF .BBleR
. '--. --'''., ~ 1~,_. _ uu~ •. L,',,_. m,, __ ,.' .' _ ,w 11'
'fhl"$e typee of b:rleke'lJlle1;'e tU\ied, old type :801id sttlf't-
mud bri,Cl'l:t; (le"a11"edeQ:tld br.ak,an4 do-alre'd pertorated b:r1ok,
FQr t"i0l"ta1"cent61n1nC 100 per oent .1.1. the columns wi thaol1n
«e~~11te~brlek$,'Wer(!t~bt$Ut 1000 lb., par S<.h in..stro1l6er th.an
s1m11szoQol'W1lllS with pertoro.toltbt!'10!ts. FO~~5tra:1ghto6t"l1ent
1
mortar· th$"d1ffsrenetq,tn etl:"e:ngth wae le$$,~ The de-n1rad pa1*-'
fo~"atfl;H1 briQko,p hQwever, gav() atNngth ofoolunn$ln exoe$sof!
those wlth¢rdlna~Y$¢.114$tlft-_flbrlQks.. OOlUlll.tl &2 lla(t ·an
1nte-rior type of an und~~-bnl"tleds;ol.ldde..airod. bJ.~lQk~ The
$treng.thQt ~hl$ co~~ was th~~fQ~e60~reGpond1Dgl~low~r
tMn t.hat~totlWre()llumn$baving solid Cle""'cd.:rel1 b~ick6", FQ~
given ,oondltiona it ~ he o(';lnaHie~~a. 'hat theet1"ctmgtbot tbe
column 1s in p~op.ort1on to the strength of the brick used.
lta., Imt',F4t:, OF. WOlU~:rAnSHD
Th~ :l,;VQ:r!"~Qn$hl» of the ml!4\$()nsaft~et~atb~$t~~Mtb
ot the 'oolu..rma.\lhile tb-1a wor~roiEhlp varledeQwlde1"a.bly,
, '
e ~er1l1.\tlt)n iJi $trength '~., $~ee.t ae).()O~OOO ,).b", ltl~ OOO>io!7~{l
.tb!l,per$q.;tn~) ·mau ,be att~ibl1t~ld to th1s ,CQuse. 'lbe v~1"'"
Q,f11Qn ~ti~ naturally' atttel'snt ~x;the a1.tf~rent types Qt
" ,mf))1t4t'U~ed,l b'Ut 1n gen(J)raJ. the '~~o2whf,)bUl1t the ~trQ~or
ooltmlr!$Wl th one 'tY.POQt P.101..tQ"t' tJoul.d a1S'Q do¢;() 'with€Ut~
otbe:'tn$(;)t t10~tai".
1.3, .~.:r,01Y.nJ..~OllS!.\~
f.b~;L¢)ni1tud1n$1lf'.l,nt.,:r-c_~nt ~entr1b'l.lt$4 bctll.to
th$ ,t>$.Cidity ad .the G~.ngth 'Qt, the. Go:tumtm~ Ul.6~nera1f.'
th~l£wg~a'J ~tnrQ)?61~b~~d~{i 'not contribute 'tll~trfu11
U:l~ld~1)otntatr'engthtit>r, aid ther ~cD..t:rlbU'f{ffi' thelrtu11
e1,aati..o rt€51IU. ty" as seen tram F1tl~ 9." 1!'4$ lspt~bab4tc1ue
to, th(!Ja:t.tt:tc.ultwotP~()du~lngaSi-'Ood '!l~el1te)l pQ~~l,onot
thec("l~ 1:11th the lm.*g~ llw."$ 111 piaQtf) a$witn stnal1et' O~
no .bats. T:b~emal1 lla~(1!2.....in..qualre)tJQnt~1~Utri)·c!i.h:et~
,.
fUll e:l6s:t;lo f'ialdit;v and also a(ld(1ul their fl111 Y1eld~p~lnt
,,'
value to tboet~ngthQt tbllllt1t)l_.. Fig, 10 ~tic'W, fil.()Qd~
detel"nit\tlondlabem to~ Q;·;OQl.~w:1.tb small ve'ruttcal ,l>Q~h~:
Di thet1esiGOo~relnfO~oetl 'bX-$.Clteolum.nsatlCQUntma.1 the~""'"
~twe be 13k~n.t tl1o:tul,1 Yl$ld~1'>O:llAt value' ottb~ lons~t'U~
dlIlQ:L rein·t'o:roetle'nt, )lrovided' the baJ::i$ ai'e ;·s~€Ulan.d o-utt1:..
elent lateral I"eln.foroe>1'l1~n'fj1'$U$$d.,
While tb~latere1 tiea dId not S01$lttl to oontrlbtt'te
dl~eC)tly tb the Btr~D.$th of the columns", they influenced '
the~ypect t6iluX't:l mater1alJ.y~Fi8~4Md 5 $ho. th~ type
otfaiJ:a:r$$ (lit' relnfo~et1 bl."iek oolumn:$ td:th a.ud \'11 tll¢iU't
late~al tj,es. Foreolumn$ w1thnolateral tl~$ the V6!."tl.;;;',
cal fr~htur~ completely disrupted the ~olumn$; while tor the .'
~olwnna witb. sUfficient lateral t3.ea thatatltU;"$' W¢:1$ local..",'
izsd and the main p~t Q,;"the colwnn renminefi unbroken. Th$
6lnount ot lateral tiee did nots$.Eml toaftect th$· type 01'
bl"0'ak untl1t()o large di~etet' ties were used. For 3/&-1n.
diameter ties in 'aV'$'1n! or $ve'Jrf/ other joint;,the type of
f'Edlnre was ot the inaoturel11ust:rated; inFl~.6, Instead of
eracld.,ngELlong the v$rt1ca,1 Joints an.d st.ra1~ta;c:r0sath$
brielie lnUn¢ witb thejo1l1tS.!t thoseQQ1~ ert.\cked in
1111e wi t11 the J.\)()l\t$on etthe tle$~ fh$ brioks b:t"Ok~ oft in
llne ",J,. th thl/.l}t1es~d th¢ ~o1.unmfj tal.le4 1n ~. 't;Vp1eal l)'u~k~
;U.ngfaah1oll, Do lncr~Q3~ in thiolmo$$ of th~ joints with
the heavier ties pl·obablytended to decrease the etreQgtbot
the columns.
ThED 't$$t reSUlts 1nd1eated. tht.ltll4-1n" lU.atta$ter tl$S
i!leV$r:v' totU."th. joint would he, 5Uff!e1ent6$1&te~al l'ol~.
forcam~nt tor tlle ,12<i!>1/2 In. aquare eolumnsnse41tl t111$ in....
vestlgation~.Thedlan:u.~ter Qtthe late,ral reinforcement shQuJ.d
b~ l/e or less of the thlckneseot th0 )nortElX" joln't$' W~ldGd.
"t1es dld llotg1ve.uh13h _strength ,us; laln1etl t1es~ The
eX;O$$$ ,tld.okll.$es .Of 't!lt3ti(Hlldue to the weld.in~, prc'b~blY
¢.f);u,~d l0061talJ.uI'ol3 b$ftol'o th~ tuJ.l$t~thot th&
eol~it1fi W~$ ~Qch~(\., 01r{U.~y W~ll .s'tr:1psWiled ~$ 'lat~l
raintorecmen't did IU)·t havo a.nr etfeot U1)O' the. bebavj.·or·ot
·the <;;-olU.tnn •.
4.; DEa!8..01R,EINFORO)lDAJlicx.a(}~R
Wbl,J,e this In,,astl~tl,ondld not eov~ra11 th~
featurs:s· 1nv¢Jl'f~t1 in tb~ $truetural baht'lV't·1t)~Ci)f :r$1uto1~~.ed
b~i,,(~k :0Gl.~:. i.t turnl$hecl In:tGD1$~10n on vth1ch 'to base
j;):m:Jl1m1nary de,d:811to:rmulas ...
J'o;r pr(!ll·$t wtJtlttnan$h:lp~d~r :f>1S1d ;t:n$J0ct1o~ tl,e
. ..
strength of 'thare:l.nt_e~ \lrt~kQ¢1:ambavlns,patttelent
la:t~jtal ~e1trfOreatlQnt* _ ~e ,e.~tl_ted as ma,ue 1.\1> o:ttbe
e,ftee'tlva $:t~a!l61botthe 'br1eJit i.' plWli the ,.1~·J.a.pO'irtt
stra_tb of the .lons1tud1l1al.res..ntoroement." . 'l'heeff00tive"
st1?e~thof:the brtlek 1$ ,f! funet:lonof theatreDgtb ·(}t"tb.e
b~1.ek~,tha a'tJrsnijlthan4 ~ork~bll:U.tzr Qtth$ ~1"tmr~, tll~ pr~.
»ort,lQ:!i6 (!ittb.$60~unm.·!I' ifhGJ wor=ansblp of tb~ masons.: the
thlokM~SQt th~~r;t~~ jOlnt,:a.nd t110 eurrh:ig ,of th~ _SQnry.
~e ·~d~31'~n6tht~~tl~lil4f .the3te'f.rJ~b6 ~~r$s$e4 &S_
a .~. bo·"ft;.lt··... Aa~s ' (J. )
. Or's $I.nce Ab :fs;. n0ra~lF aqual to Jd
. .' .
s .i:: A(.k;t6+ p.~t$')
.\
(3)
s c total st~ngth ot oolumn
•."!'
A ~ total aroa ,at CQlumn
Ab • area, or brlck masonry
Ae - area Qt long3:tudina.1 steel
,
t~ :;r, ul:tt1!ltttostrength of brick:
~ ~
's= Yl~l(l"'I"Qint et'r(!t$1!$ or long1tud11lal$t$sl
P Q :ratio between(U"e6, ot longitudinal steel
ando.tco.lUlm;1.
k 'I,tl ettcot.1ve:1$$$ ratiQ 01' briok !llEf.SOnl'Y',
that 1s,. ratio between the strength
of oasQiU7 ana thestrengtb ot the
brlok use4.
The p$rrnsslble worklna load t1aY be eOMlderodeqool
to 1./4 0tthe Ul't1mate .load~ or the faotor of ,ultety $qual
ttl 4. Thus thfij deelgnworklne load "ould be equal tal
'-t\.., 5, k """" ts' A{ " Nt)Po &# A· ...l}~i :;; iAb~.L1 .... -As =i k· ..o + p.' 8
oX" thea working et;r$StH
,.tb '1:$ ~(k';f"+ P;.,t:s) (4)
A faotor- 01" $uoty Of4 1$ qOfuddered t.l:m.Ple, e$p${\J",
inl17 so in v101'/of th$ tact that 'tho factor ot safety on
ultlmate s'tl"sngth tor r-eln'toroed concrete C&lUMS 'proposed
by the eolumn earnm!ttee' of the American Concrete Institute
18 as low ~8 2-1/2 tor fast loadil1$ and 2.0 for eusta1ned
lQad.
,fa" i'fallU. of kshould ·b$f1ete~md.ne4,tr~~_p~~1m~ts~,
A60nv~1$nt ~tllodto:r d~te:rmlrd.l'.igkWOU14 be to' _~ ~$'t$
) .. , .
on sma.ll plaln.b~!. OQ3.umnt1 ()Qn"tGD~S the propel" tYJJQot
brlok and tllor1i-a'.r,_ 00. theat'.nl~ workmansblp andiotbe-r ocnE\l-
i1oned'El' 'timt to 'be u~$4 .!a thf.£ 8t:ructure", \':1 t11 ketuat,o
Q.30, b~lo~~f lC,.GOO l'b""e1" aq.ln. oomp:J"$$siv$ strl/lJDgtb, )..
p~r cent lonaitudtne-l steel ot 00.0001b.»$1" $q.1n. ,i$.ld~
pOint 6tr$Ss.tb.~ liorld,ns. stt:'~$$.uld btH .
I'D .~ 1'0.30 x 12,000 .O~.Ql JC. 60.0(0)
~··t (3600 f, 6(0)-·10501b.p$r sq.ln~
16. a.'tJ'Mflt~mr.·:.·.'il0t:.l¥~'
'-"'bitt lnOet important. .re$ulte ()b'ta,:1ned tn thls1nveetl-
8ation r~ b~ $unme.r.l~ed .as f$llf;}wtu
1. portltU1d i)~nttlCrtat' eQn:t$lnine 1.5 per eent
(;QmL1onb1tl~k'c,1q QS ~ attm!~tU:l'e, ~$.e b&ttlU):' ~f.))su.1ts
thlUl ·lUW otheJ.'" mo~_j>U$~d 1:n. thl$ tn.vetltlaatl0.n.
2. Io-th 'theJlaE:lttcltyandth~ st1"onsth ofth$
lL,.'l.()rtnr Qt:r~(lte4 thfj s'X'engtb of 1hf.; tjQlumn..
3.. 1'h$ertrit»gth of the I bri.nkhad& l~ked~tt~ci;
upon the st:t'e~th of thecolmn.
4~ CQlumna 1'11 til no la,:tore.1 re1ntorc~nt 0011&.}f$O(I
eonpleto,ly uport reaohltlS the lrAxlmum. l()a(l.,
5. Tn$ lateral l~.lnfo;toe:cent had 11ttle 1t,,~
direct effect upon tbe strength of the column, .but, gen-'
ernl1Y d.etcm1n~d tha' type 01' failure,
,
6. ta.t~ral tlesl/41n. d1mJ:ieter :!.nevel"Y fourth
joint cave euttiu-1ent lateral relnf'oroetlen't tor developine
the Yleld-pclntst:ongth of the lQne1tud1nal re1ntorc~ment~
7" l"l1th aUt'tiQlentlatoral tles~amaU long1tuM-
,
ne.l re1ntorc.1nc bun a(ld~d tbelJ'1'Il1Y1Gld~pQ1ntetrength
to the etrrme;thotthe(lolumn.' Large re'1nto,ro1ng ba.ra
adde4on1y a portion ot their yleld-p@int s'trengtll.
e. ?!be' workmmlahlp of the _$on bt\4 a mrked et-
teotupo,J,\ the :~rfU."'0nsth ot: th$ column.
Sit llelnt~rced brtokcolumn$ bnV;1116 Sllft1.c1fm:'t
lat~rtl.l rf;,1nfo:r~a'flent tla•• amplewe.rnlnB of impending
tallure.
10,. 1fbeetrensth 0'1 a. properly rellit'orced br1ck
. . .
, '
colwnn ma.y b& eomputtJdfrom. th$ to~al
's '. A(k.t~. ... P.t'$)
: 1
11. '1h$tJaf$ workinG stress tor prop.erly re1$liloo
tcrt'ied 'brick oolUt1n8 mqbe OQInputed 1"r0In the tOl"mU1a.
lb- j(lt~.t6 • p ~ t s )
ortGra ~aoto;r ofee.fetyot 4t
tb -%(ktfi + P.te)
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BOND TESTS OF DIFFERENT TYPES OF REINFORClliG B.ARS
by Inge 3i,yse*
I. INTRODUCTION
At the request of representatives of the Kalman Steel
Company, a subsidiary of Bethlehem Steel Company, Bethlehem,
Pennsylvania, the Fritz Engineering Laboratory of Lehigh Uni-
versity conducted an investigation of the bond between steel
and concrete for different types of reinforcing bars. The
Kalman Steel Company has recently brought out a new design of
reinforcing bar1 called the Bethlehem Bar, and it was the pur-
pose of this investigation to study the merits of this new bar
on the basis of its bond properties. The difference between
the eorrugated bar and the Bethlehem bar is that the aorrugat-
ed bar has transverse ribs while the Bethlehem bar has contin...
uous diagonal deformation ribs. In order to make this inves-
tigation at the least possible expense, pull-out tests were
used for the determination of the bond properties. A total
of four different types of ?!S-in. diameter reinforcing bars
were used in two 'different grades of concrete. Furthe:rmore,
tests were made on the bonding properties of square bars and
of round bars having equal cross-sectional area.
- - - - - - - -. - - - - - - - - - - ~ - - - - - ~ -
* Research Assistant Professor of Engineering Materials
Lehigh University, Bethlehem, Pennsylvania
2II. MATERIALS· AND TEST SPECIMENS
Pull-out tests were made by applying tension to one
" .
end '01' the bar which was embedded axially in a 6 by 12-in.
. .
concrete cylinder'. The concretes used for the 7/S-in. di-
ameter bars were designed to have compressIDve strengths of
2000 and 3500 lb. per sq. in. . conor~te's of design strength
of 20001b.per sq. in. were 'used, iIi "the study of square and
round bars. ' Theoompressive strength of the ooncrete was
" .
determined on 3'by 6~in. cylinders made simultaneously with
the bond speoimens. A total 01',33 bond tests and 21 com-
pression tests were made.
, The design of the oonorete mixes is shown in, Table 1.
Nazco oement was used in order to produce suffioient strength
of the oonorete at the age of' test, whioh was seven days. The
'specimens were made in aooorda;nce with standard practioe.
They remained in the molds for 24 hours and were oured in the
moist room for six days,
In one group of tests the reinforctng'bars consisted
of nominal 7IS-in. diamet'er bars' of Corrugated, Bethlehem,
Havemeyer and Plain designs. Another group oonsisted of l-in.
and 1::"1/4 in•. sqlla:t:e corrugated'bars'and round Bethlehem bars
'. .'
having cross-sectional area.equal to that of the square bars.
• • 0, .~ "
,The types of bars used are illustrated in Fig. L,'
3The pull-out tests were made in accordan'ce with ordi-
nary methods. Fig. 2 shows the testing arrangement. Plaster
of Paris was used for securing uniform bearing of', t~e concret~
all, the plate which was all, the top of the testing machine. The
bearing plate had al-l/s' in. diameter hole for the 7.!S-in.
bars and a 1-,7/s in. 'hole for the l-in. and the 1-1/4 in.square
bars." The slip of 'the bars'Qu+ing loaditig , 'was measured ,by
means of a'O.OOOl-in. Ames dial supported by .~ frame-work car-
ried by the, concrete specimen" with the moving plunger of the
dial in conta!3t with the free end of the test bar.
The Qriginal data of. all the bond tests are presented
in sheets 1 to 14.
III. DISCUSSION OF TESTS
The bond between steel and. concrete maybe recognized
at two distinct stages, the adhesion bond and the friction
bond. The adhesion bond determines the bond at initial s.lip·
of the b~r and the friction bond determines the amount of re-
sistance offered after the initial slip has occurred. Table 2 .
: gives the' 'results'- CDf alltlietests. Tt 1:5 noted that the aver";'
. -
age compr~ssive strengths of the two concrete 'mixes'used for
the 71S-4n. diameter bars Were 2090 and 3450 lb. per sq. in.
Table 2 al,so g~ves tl;le individual and average loadS at initial
.... . ~
and final slip.' Initial slip was taken at the load at which
4the total slip of the end of the embedded bar was as muoh as,
0.00005-in. The 7/S-in. diameter bars gave vf3ryuniform re7
suIts for both initial and final sliP. '!'he 1-1/4 in. bars "
gave more ,irregular results, espeoially :for final slip. It
is of interest to note that for the 3450 lb. per sq. in. oon-.'-
orete the Corrugated and the Bethlehem bars of ,7/S-in. dia- ,~
meter passed the. yield-point stress of the bars before final
slip ooourred. The yielding of the bars took plaoe at a load
between 26,000 a,nd 27,000 lb., corresponding to ayieldt'point
stress in the bars between 43,000 and 45,000 l.b. per sq. in.
Table 3 gives the average bond stress at initial and
, final' slip for th~ different types of bars use'd. In order to
make the results more illustrative, the stresses at first
slip have been plotted in Fig. 3. The stresses at final slip
have been plotted in Fig. 4. It is evj,.dent from· these figures
.~
that for the 7/S-in. diameter bar the Corrugated,and the Beth...
lehem bars gave nearly the same results, the corrugated being
slightly higher, both with respect'to initial and final slip.
,!. Tb,e diffe,rence between oorruga,~ed a.nd, ,\B~~hlehem bars, however,
i~ sosma11 that l't> is' within,: the11mit. of the experimental
errorsc>f 'thi§"investige:tipn. These bars were found to ·de-
~ . .'. "
•.•. f
'velop bond stresses far in, excess of those for the Have~~yer
and'Plafnba;rs. 'The'Corrugated.and the BethJ,.ehem bars have
"- " 5
bond stress at initial, slip approximately 100 per cent in
excess of the bond stress of the plain bar~ for bo:th .grad~s.
" " '. " '. .
of concrete. The bond stresses for "-the' HaYemeyer bar&. a:i:i .
inltial slip are only about 41 per cent for the 20901b.per
'y'
sq.in. concrete and 13 per cent for the 3450 lb. per sq~in.
concrete in excess of the bond stress of the plain bars.
For final slip the Corrugated and'the Bethlehem 'bars have
more than 200 per cent greater bond stress than llave the,
plain bars for the 2090 lb. per s'q. in. concrete, and more
than 150 per cent greater than the plain bars for 3450 lb.
per sq. in. concrete. The corresponding values for the Have-
meyer bars are approximately 1.40 per cent and 85 per cent
for' the two grades of concret(3.
The I-in. and the 1-1/4 in. squareCorrugated.bars
gave considerably greater total bond strength, botH attni'"
ti~l and final,slip, than did the Bethlehem round. bar~ of
equivalent cross;"sectional area. Since the'squareb~rs have
about 11 per cent greater area than the round bars, the bo~d.
strengtA. wa,§, cor~espond:l:rlglyhigher. ' How~ver,' the hand
s~re~s ~'e~un1t ~~,,~rea'\t~'$ ve~]{" n$a,rly tlle same for. the two,
types cof t>:§,rs. More.over, the l-in. and the 1....ih/4 in. bars
gave acons1derably 'loVier b,ond stress both at ini tia.l and at
final' slip than <'did the 7!S-in. bars of the same designs.
I6
This is due to the'difference in numbers or ribs embedded in
the concrete. The 7/S-in. bars had ,14 ribs in th~ l2-in~ .~m.;.
'!' :
bedment while the l-j,n.bars 'ood: 11 ribs and' the. a,;,,1/4 in.
bars had S ribs embedded.
IV. SUMMARY
The following indicatiens are brought out by this
investigation.
1. The 7/S-in., diameter 'Pars of corrugated and Bethlehem
design had apprOXimately the same bond stress both at inltial
and at final slip.
,2. The Havemeyer bars had bond stress considerably below
the bond stress for the corrugated and the Bethlehem bars,
but in exce~s of plain bars.
3., For the Corrugated,the Bethlehem, and the Havemeyer
bars the bond stress at final sli~ was more than twice that,
at initial slip.
4., The bond stress was nearly equal,for,thesquare Cor-
~ug~t~d bars and the round B~thlehem barB of equivalent
cr.oss'-'sect'ional i:u-ea~.~ :,.'
,5. The number of embedded deformation ribs affeGted the
bbnd stress materially~
,TABLE 1 CONCRETE MIXES
2000 lb. per sq.in. Goncrete
-
c/w = 1.30
-
slmnp, 4-6 in.
3500 lb. per 'sq. in. Goncrete
-
c/w ;::: 1.90
-
slump, 4-6 in.
"
Age at test ~ 7 days
Net water content = 38 gallons per cubic Yard
Absorption'al1ow~nce ~ one per cent by weight of aggregates
Two batches of concrete of each mix
- - - - - - - - - -
Materials per batch for 2000 lb. per sq. in. concrete
Nazco Cement = 13,850 grams
Water = 11,730 graIns
Sand = 95 •.0 lb.
No.4
-
3/8 in. = 152.0 lb. Accumulated
3/8 3/4 'in~ = 237.0 lb. Accumulated
Materials per batch for 3500,lb.]>er sq.in. concrete
Nazco Cement = 20,250 grams
Water =11,650 grams
No.4
"
, 3/$
Sand ::
3/8 in~ =
3/4 in. =
90.0 lb.'
144.0 lb. Accmnulated
r •
:'225~5flb. AccUmulateli, "
-,
Make eighteen pend specimens: (6 "bY,12"';i,n~:eylinders) and six
~;,. , :
control specimens ('3 by 6-in. cylin.dersr "from the both batch-
es of e!lch grade ot'concrete.
- - - - - - - - -.- - ~ - - - - -- - -
.... {l,,-•.
.. ' TABLE 2 '.. RESULTS OF BOND TESTS
Strength
of
Concrete
Ib./sq,in,
Type
of .
Bars.':
Size
of .
Bars.
in.
Load at Initial Slip**
Specimen
12 . 3 Av.
. Load at Final Slip
Specimen
1, 2 3 Av.
2090
2090
2090
2090
Corrugated 7/8 dia. 14,000 13,000 13,000 13,300 28;420 27,OSO 27,230 27,5S0
Bethlehem .7/s dia. 14,000 13,000 11,000 12,700. 26,940 27,250 26,9pO 27,050
Havemeyer 'lIs dia. 10;000 8,000 10,000 9,300 21,520 18,220 22,010 20,580
Plain .7/8 dla. 6,000 7,000 7,0~0 6,700, -~-- .8,600· S,460 S,530
2040· '
2040
Corrugated
,Bethlehem
18,000 18.000 i9;OOO ~S,300
17,000 17,000 16,000 16,700
34,160,34,300 35 J220 34,560'
32:,'850 28, S10 31j 560 31,070
*
**
2350 Corrugated 1 sq. 15,000 16,000 18,000 .16,300 ',,' 38,,410. 30.010 29,450 32,620
2350 ' Bethlehem 1 Eq.flc 14,000 16,000 15,000 15,000 30,310 30,460 28,940 29,900
3450 Corrugated '7/8 dia. 19.000 16,000 17,500 .35,780 37,420 36,600
3450 l3e,thlehem ' 7/e,di-a. 15,000 16,000 15,000,15,30,0 '36,430 36,000 36,290 36,240
3450 Havemeyer 7/8 dia. 9,000 10~000 h 9 500 ," 25;540 25,700 25,620,
3450 Plain 7/8 dia. 9,000 7,000 S,OOO 15:~000 12,920 13,960
- - - '- - - ".- - - - - - - - - - - - - -
..
- - -
~
- - - - -
...;
- - - - - -
-. - - -
. . .
Round bar ,of cro,ss-sectional area equal to ,that of the ~quar~t bar~
Initial slip taken 'at a total movemei;it of 0.00005-in,"
TABLE 3 ~BOND STRESS AT, ;I:NITIALAND FINAL SLIP
Strength Size-of - - -Average Bond Stress At
of Typ-e
-Bar Intti aJ.,"Slip Final SlipConcrete - of- (Nominal)
Bars_ =lb./sq.in. -in. ' 'lb~ per sq. in.
-
2090 Corrugated- -7/8 dia. ,;:'J~i404 836
2090 Bethlehem 7/8 dia. 386 820
2090 ~avemeyer 7/8 dia.' 282 624'
2090 ,Plain 7/8 dia. --203 - 258~'-- . .
2040 Corrugated 1-1/4 sq. -, -3~ 575
2040 Bethlenem 1-1/4 Eq.* 315 585
2350 Corrugated 1- , sq. 340 680
2350 Bethlehem 1 Bq.* 352 702
3450 Corrugated 7/8 dia. ~30 1110
-3450 Bethlehem 7/8 dia. 464 1100
3450 Havemeyer· 7/8 dia. -288 777 -
- 3450 Plain- 7/8 dia. .242. 423
- - - - - - - - - - - - - - - - - - - - - -
- -
* Round bar of cross-sectional area equal to that of the
square bar.
/Fig. 1 - Types of Bars
,Fig. 2 - Testing Arrangement
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